Introduction
Various numerical methods are available to predict ship motions. Ikeda (1) developed a component-based method for the prediction of ship roll damping about 25 years ago, which is still currently used. This method is based on both theory and empirical data. Matusiak (2) has developed a two-stage approach to the determination of large amplitude motions of a rigid ship in waves, which qualitatively agreed with experimental results. Gorski (3) discusses the role of Reynolds Averaged Navier-Stokes (RANS) Experimental work is also currently being performed to further the effort of understanding large amplitude ship motions. Experiments to study extreme ship motions have been performed at INSEAN (the Italian ship model basin) for surface combatant hulls free to heave and roll in beam seas (4) . Irvine (5) performed a range of free roll decay experiments at the University of Iowa for a surface combatant hull, where motions, forces, and moments were measured.
The ability to predict the forces and moments experienced by a ship hull undergoing large amplitude motions is important. Predictions of such motions have been based on physical model experiments and numerical models, which use empirical equations based on experimental data performed within a small range of roll amplitudes. A data set of forces and moments due to a larger range of roll amplitudes is necessary to verify that the methods used in model predictions are accurate in the upper ranges, or to develop new methods to predict the forces and moments for these larger roll amplitudes.
The objective of this experiment is to obtain the model scale constrained seakeeping results to provide information necessary for numerical model verification of surge, sway, and heave forces and roll, pitch, and yaw moments acting on a surface combatant hull during large amplitude motions and capsize events. Effects of model speed, roll amplitude, and roll frequency on the forces and moments are investigated.
A modern surface combatant model (A= 32, Model 5613) with 10 degree tumblehome sides was tested on Carriage 2 at NSWCCD and forced in roll using a motor-driven mechanism. The mechanism was used to drive the model through large roll amplitudes of up to 50 degrees to port and starboard while also varying the roll frequency.
Model Description
The model used for this test was the 1/32 scale NSWCCD Model 5613. This model had 10 degree tumblehome sides. A rendered profile of Model 5613 is shown in Figure 1 , and the body plan is shown in Figure 2 . A summary of the hull design characteristics for the model are shown in Table 1 . Due to the weight of the roll-forcing mechanism, the tested draft was 2.54 cm (1 in) greater than the design draft. The model was fitted with bilge keels of 1.25 m span (full scale), that were centered at midship, with a chord length equal to 1/3 the ship length. No other appendages were included in this test. The radii of gyration and the vertical center of gravity (VCG) of the hull were determined by inclining and swinging the underbody from NSWCCD's inertia A-frame apparatus. The VCG was determined to be 24.1 cm (9.5 inches) above the keel, with a pitch gyradius of 100.3 cm (39.5 inches), roll gyradius of 21 cm (8.25 inches), and a yaw gyradius of 100.6 (39.62 inches). The longitudinal center of gravity (LCG) was determined to be 10.9 cm (4.3 inches) aft of midship. The roll motion was forced at 24.1 cm (9.5 inches) above the keel, and 8.1 cm (3.2 inches) aft of midship.
Two components of data in this experiment will be affected by the 0.03 m (1.1 inch) difference between LCG and the center of rotation, the pitch motion and the yaw moment. In the data presented later in this report, the yaw moment is shown "as collected", as well as corrected for the difference between the LCG and the longitudinal center of rotation for the mechanism. The measured pitch motion will be the same along the centerline of the model, although the actual pitch motion would be slightly different as a result of the 0.03 m (1.1 inch) difference between LCG and the center of rotation.
Experimental Description
Model 5613 was fitted with a roll/pitch mechanism (Figure 3(a) ) that forced the model to a maximum roll angle of 50 degrees, while allowing the model to pitch freely to 25 degrees in both directions. The mechanism was located at the center of gravity of the model. A heave post allowed the model to move in heave, while a yaw mechanism (Figure 3(b) ) permitted the model to either be fixed in yaw or free to yaw up to 15 degrees. The section of the model containing the roll/pitch mechanism was separated from the rest of the model and filled with expanding foam to minimize the amount that the section could hold. At the beginning of the test, this section was filled with water. As the model rolled over, the water inside this section was exchanged with the water outside the model, keeping the total volume the same (Figure 4 ). The rest of the model sections were fitted with Lexan covers to keep water out. Figure 5 shows the model with the motor and gearbox assembly inside.
Three-component force and moment measurements were made using a Kistler force gage, which was mounted to the model interior underneath the roll/pitch mechanism, as shown Figure 6 . The Kistler gage was used to measure the forces and moments resulting from the constrained motions, including the sway force, the drag force, and the yaw moment for the fixed yaw configuration. The amplitudes and accelerations of the free motions (heave, pitch, and yaw for the free yaw configuration) were measured using a motion package built at NSWCCD. The motion package was mounted inside the hull 88.6 cm (34.9 inches) forward of midship and 2.5 cm (0.97 inches) above the center of gravity. Vertical acceleration is reported at this point near the bow in model coordinates. Pitch and roll motion values remain the same regardless of location. Standard frame rate (30 fps) video cameras were used to visually document ship motions from multiple views.
The conditions that were tested include fixed yaw/free to yaw, six roll amplitudes (from 5 degrees to 50 degrees, in addition to the zero roll condition) 5 roll periods (from 1 to 3 seconds), three carriage speeds (from a Froude number (Fn) of 0.15 to 0.4, plus the zero speed condition), and with and without bilge keels. At a roll angle of 30 degrees, the bilge keels were out of the water, and at 50 degrees the deck was submerged. Table 2 shows the test matrix with the conditions tested where the model was fixed in yaw. Each run was repeated three times. Table 3 shows the test matrix with the conditions tested where the model was free to yaw. Figure 10 shows the roll motion (black dashed line) and the vertical acceleration (red solid line) of the model in ship coordinates at the motion package location (88.6 cm (34.9 inches) forward of midship). At the lower roll angle of 5 degrees, there is little vertical acceleration. For the 30 degree and 50 degree cases, acceleration is -1 at the zero roll angle. Then there are two positive peaks in the heave signal in one roll period; one for maximum roll to port, one for maximum roll to starboard. These peaks exist because as the ship rolls to one side, there is more volume submerged, which creates a larger buoyant force, causing the ship to move vertically. Figure 11 shows the roll motion (black dashed line) and the pitch motion (red solid line) of the model. In this coordinate system, pitch angle is negative when the bow is up. The pitch angle remains small, even for the largest roll amplitude. It appears that the model settles into a trim angle and stays fairly steady, with some small motion variation with respect to roll. The magnitude of the pitch angle does increase with increased roll angle. Figure 12 shows the roll motion (black dashed line) and the yaw moment (red solid line) of the model at the center of rotation. Roll motion and yaw moment are out of phase, and the amplitude of the yaw moment increases with increased roll motion.
The data collected during this experiment were analyzed using a zero-crossing method to obtain the peak forces and moments. Repeated runs were averaged together to get one value for each case to examine trends between roll angle, roll period, speed, forces and moments. Again, all angles (roll, pitch, yaw) are reported relative to the ship at the starting zero roll position. All forces, moments, and accelerations are reported in ship coordinates. Figure 7(a) shows the model in the zero roll position with the coordinate axes used. Tables 4 through 15 below show the maximum and average forces, moments, and accelerations measured during testing. Runs for the shortest periods at the 50 degree angle were not made due to the large forces involved. Zero degree cases are not shown for the sway and yaw cases because there is side force when the model is not rolling. Table 4 and Table 5 show the average maximum sway forces for the runs with and without bilge keels for the fixed in yaw conditions. Table 6 and Table 7 show the average drag forces for the runs with and without bilge keels for the fixed in yaw conditions. Table 8 and Table 9 show the average maximum vertical accelerations over all runs with and without bilge keels for the fixed in yaw conditions of the model at the motion package location (88.6 cm (34.9 inches) forward of midship) in the model coordinate system. Table 10 and Table 11 show the average trim over all runs with and without bilge keels for the fixed in yaw conditions. Table 12 and Table 13 show the average maximum yaw moment about the center of rotation over all runs with and without bilge keels for the fixed in yaw conditions. Because the LCG of the model is slightly different than the center of rotation, the yaw moment is corrected to show the moment about LCG. These corrected yaw moments (to the center of gravity) are shown in Table 14 and Table 15 . 
Conclusions
This experiment has generated a range of forces and moments experienced by a surface combatant hull due to large amplitude motions. The equipment is now in place to test other roll angles and periods, or possibly other hull types in future experiments. Future planned testing includes similar roll motion conditions of the same hull in head seas.
This experiment has provided an extensive database of forces and moments from roll amplitudes extending up through 50 degrees, which will be useful in verifying that model predictions are accurate in the upper range of roll amplitudes. 
